Type 2 diabetes (T2D) is associated with increased mortality in ethnically diverse populations, although the extent to which this association is genetically determined is unknown. We sought to determine whether T2D-related genetic variants predicted all-cause mortality, even after accounting for BMI, in the Third National Health and Nutrition Examination Survey.
In the U.S., a higher T2D genetic risk was associated with increased mortality risk, especially among obese NHW. The underlying genetic basis for mortality likely involves complex interactions with factors related to ethnicity, T2D, and body weight.
The escalating type 2 diabetes (T2D) epidemic is a major public health concern (1). In the U.S., the rate of increase in T2D is projected to be disproportionately higher among certain ethnic minorities (2, 3) . Epidemiologic studies (3) (4) (5) (6) have shown that T2D is associated with increased all-cause mortality risk. Given that T2D is partly genetically determined (7, 8) , genetic factors that increase T2D susceptibility may also raise mortality risk through T2D or its related complications.
The T2D epidemic parallels the rising prevalence of obesity, on a genetic background of varying permissibility. Responsible for this coepidemic are socialbehavioral influences (e.g., urbanization, efficient transportation networks, increase in sedentary work, advent of modern technology, reliance on electronic transactions and Internet-based social connections) (9) (10) (11) , coupled with the growing consumption of conveniently prepared and readily available food and beverages rich in poorly satiating calories (9, 10, 12) . As social, behavioral, and lifestyle factors are associated with both T2D and mortality (13) (14) (15) (16) (17) , these modifiable risk factors may partly explain the T2D-mortality relationship. Although genetic factors are fixed from birth and potentially exert their effects throughout life, modifiable factors can act as environmental exposures that amplify or nullify these genetic effects. Obesity, reflecting energy balance and capturing these modifiable factors, is a fundamental effect modifier in any genetic study of T2D risk (18) that has to be accounted for in our increasingly obesogenic environment (19) . Here, we tested the hypothesis that carrying a higher aggregate genetic burden of T2D risk, modeled using a genetic risk score (GRS), predicted all-cause mortality independently of BMI, the principal physical reflection of this obesogenic environment, in the Third National Health and Nutrition Examination Survey (NHANES III).
Investigations have also suggested an "obesity paradox," where a higher BMI is associated with lower mortality risk in individuals with T2D or other chronic conditions (20, 21) . It has also been shown that genetic effects on T2D susceptibility are stronger in leaner individuals than in heavier counterparts (22, 23) ; such findings may be particularly relevant to individuals of certain nonwhite ethnicities in whom normal-weight T2D is more likely to develop (24). Conversely, individuals with a higher T2D genetic predisposition may be more susceptible to the metabolic derangements and health consequences of obesity. Thus, in secondary analyses we tested whether T2D genetic-mortality associations differed by BMI category (normal weight, overweight, and obese), and whether obesity-associated mortality risk differed by T2D genetic risk.
RESEARCH DESIGN AND METHODS

Study Population
NHANES III was a nationally representative sample of the noninstitutionalized civilian U.S. population collected using stratified multistage probability sampling. The study sample was restricted to participants $20 years of age with $8 h fasting blood sampling who underwent a phlebotomy, household interview, and physical examination (25). DNA extraction was generated from Epstein-Barr transformed lymphocyte cell lines of participants in NHANES III Phase II (1991) (1992) (1993) (1994) . NHANES III phenotypic data were merged with mortality data accrued over 17 years. Of the 7,170 participants with phenotype-genotype data, we excluded 347 who were not non-Hispanic black (NHB), Mexican American (MA), or non-Hispanic white (NHW), and 322 participants with inadequate genotyping (.5 single nucleotide polymorphisms [SNPs] missing from GRS), leaving 6,501 participants in the main analysis. Written informed consent was obtained from all subjects. This study was approved by the National Center for Health Statistics Ethics Review Board.
Genotyping and GRSs
We modeled T2D genetic risk using an additive GRS comprising T2D-associated SNPs. We first consulted the largest T2D meta-analysis genome-wide association study (GWAS), DIAbetes Genetics Replication and Meta-analysis (DIAGRAM) (26) , and successfully genotyped 38 T2D-related SNPs or proxies that had estimated odds ratios (ORs) of $1.05 for T2D. Genotyping was performed using the Sequenom iPLEX platform. Genotypes with call rates ,95% were removed. Allele frequencies of all SNPs were in Hardy-Weinberg equilibrium based on National Center for Health Statistics standards (Hardy-Weinberg equilibrium rejected if P , 0.01 in two or fewer ethnicities). To create a weighted GRS that was scaled to increments per risk allele, we summed the number of risk alleles (0, 1, or 2) at each SNP multiplied by their published trans-ethnic b-coefficients for T2D in DIAGRAM version 4, multiplied by the number of SNPs in the GRS, divided by the sum of b-coefficients (27) . We imputed missing SNPs using dosage estimates (continuous values between 0 and 2) from risk allele frequency for each ethnicity. We initially attempted to account for ethnic-specific differences in SNP weights using b-coefficients from GWAS on people of African ancestry and Mexican ancestry; however, given that ethnic-specific b-coefficients were not reported for a number of these variants in meta-analysis GWAS (26, 28) , we opted to apply the same weights derived from trans-ethnic b-coefficients for all participants. In a sensitivity analysis, we repeated the analysis using an unweighted GRS (i.e., a simple sum of risk alleles carried by individuals at each SNP) to determine whether the application of SNP weights impacted risk estimates. Risk allele frequencies, b-coefficients for T2D, and the proportion missing for each SNP by ethnicity are displayed in Supplementary To determine whether GRS was associated with baseline T2D, we tested the association of GRS with baseline T2D in age-and sex-adjusted logistic models. To assess pleiotropic associations with clinical risk factors, we used age-and sex-adjusted regression models to test the association of GRS with TC, HDL, WC, hypertension, family history, educational attainment, insurance coverage, HEI, PA, smoking, and alcohol consumption.
Statistical Analyses
First, in age-, sex-, and BMI-adjusted logistic models, we estimated mortality risk per T2D GRS risk allele. Second, to determine whether associations were independent of modifiable and nonmodifiable risk factors, we estimated mortality risk per T2D GRS risk allele in models that additionally included family history, educational attainment, insurance coverage, HEI, PA, smoking, alcohol consumption, TC, HDL, WC, and hypertension.
As genetic effects may differ by BMI, we performed interaction analyses between BMI and GRS as categorical variables (GRS greater than or equal to the ethnic-specific median vs. less than the ethnic-specific median; and obese ) to guide stratified analyses where an interaction P value of ,0.1 would motivate stratified analyses. We conducted stratified analyses in two ways. First, we estimated the mortality risk per allele within BMI categories. Second, we estimated the association of obesity versus normal weight with mortality risk, within T2D genetic risk groups (GRS greater than or equal to or less than the ethnic-specific median).
We used SAS (version 9.2 or 9.3; SAS Institute, Cary, NC) for all analyses and applied procedures to account for NHANES III sampling probabilities and complex sampling design in all models. We considered a P value of #0.05 to be statistically significant for the analysis that tested our primary hypothesis.
RESULTS
Baseline Characteristics
Participants' baseline characteristics are summarized in Table 1 . After accounting for sampling weights and the complex survey design, 81.1% of the cohort was NHW, 12.7% was NHB, and 6.2% was MA. T2D baseline prevalence was similar across all ethnicities (8-11% Table 3 and Supplementary  Table 3 ). The BMI-adjusted mortality risk per T2D GRS risk allele was 1.04 (95% CI 1.00-1.07; P = 0.05). Effect estimates were consistent in NHW and NHB but not in MA. Adjusting for T2D at baseline did not greatly influence the effect estimates (Supplementary Table 4 ). The negative trend in MA remained after adjusting for family history, educational attainment, insurance coverage, HEI, PA, smoking, alcohol consumption, TC, HDL, hypertension, and WC. We repeated the analysis using Cox regression and showed that results were generally similar to those obtained from logistic regression (Supplementary Table 5 ). In a sensitivity analysis, we repeated the analysis using an unweighted GRS (i.e., a simple sum of risk alleles); effect estimates were similar to those of the weighted GRS, although CIs were wider (Supplementary Table 6 ).
In the interaction analysis, we observed a possible interaction between obesity and normal weight with GRS (P = 0.07) in the entire cohort. When BMI was modeled as a continuous variable, we observed a possible interaction with GRS in MA (P = 0.03) (Supplementary Table 7 ).
Stratified Analyses
In BMI-stratified analyses, the estimated mortality risk per allele was slightly higher among obese NHW (OR Table 10 ). In stratified analysis by T2D genetic risk, no association between obesity and mortality risk was found among participants with low T2D genetic risk. Among those participants with high T2D genetic risk, obesity was associated with higher mortality risk in MA (OR 2.27 [95% CI 1.33-3.88]) (Fig. 2) . This association attenuated with adjustment for other modifiable risk factors (OR Tables 11 and 12 ).
CONCLUSIONS
Epidemiologic studies have reported that T2D patients have a 15% increased risk of all-cause mortality compared with the general population (29) , and an approximately twofold risk in younger adults (3, 29, 30) . This relationship may be partly explained by modifiable risk factors that predispose individuals to both T2D and mortality risk. Here, in a nationally representative sample of the U.S., we demonstrated that mortality risk increased by 4% per T2D-related risk allele (17% per 4 alleles, the SD of the GRS in NHANES III), independently of BMI and other social, lifestyle, and clinical risk factors tested, indicating that a higher aggregate genetic burden of T2D risk, carried throughout one's life, may increase earlier mortality risk.
While previous investigations (31) have shown that T2D-related GRSs predict incident T2D in the general population, their predictive performance for incident CVD has been mixed. Our group has previously shown that a T2D-related GRS was not associated with markers of subclinical atherosclerosis, coronary artery calcium score, carotid artery intima-media thickness, and ankle-brachial index (32) . A Danish study by Borglykke et al. (33) reported that a T2D-related GRS per allele was associated with a composite end point of fatal and nonfatal CVD (hazard ratio [OR] 1.02 [95% CI 1.01-1.03], P = 0.004). A previous study (34) by our group of 3,041 NHANES III participants reported that a glycated hemoglobin (HbA 1c )-related GRS did not predict all-cause mortality risk despite epidemiologic evidence supporting an association between measured HbA 1c and mortality risk. Notably, in this present study, we examined a larger Values are reported as the mean (95% CI). For all variables, procedures to account for sampling probabilities and complex sampling design were applied. Continuous variables were adjusted for age and sex.
sample of NHANES III participants (N = 6,501) and tested the association between T2D-related, and not HbA 1c -related, genetic variants with all-cause mortality. Two recent Mendelian randomization studies (35, 36) reported that genetically determined T2D and fasting glucose levels were associated with CVD, supporting a causal relationship between genetically determined hyperglycemia and CVD. The principle of Mendelian randomization is based on the random allocation of alleles at meiosis, so alleles are distributed in the population independently of socioenvironmental and behavioral factors that often confound observational associations (37) . Such an approach strengthens or refutes causality in disease etiology through the use of genetic instruments of modifiable risk factors in an instrumental variable analysis (38) . In this study, incident T2D during followup was unavailable for analysis; thus, we have not performed a complete two-step instrumental variable analysis, which would have allowed us to determine whether genetically increased T2D risk raises mortality risk to the same extent observed in epidemiologic studies of T2D on mortality. Nevertheless, our group has previously demonstrated in a longitudinal examination of NHW and NHB in the CARDIA Study that a T2D-related GRS predicted incident T2D in participants of both ethnicities (NHW: HR 1.08 [95% CI 1.04-1.12], N = 1,650; NHB: HR 1.05 [95% CI 1.01-1.09], N = 820) (31) , and so it is likely that the T2D-related GRS would predict incident T2D in NHANES III participants if such data were available for analysis. The positive association between the T2D-related GRS and mortality risk from reduced-form estimates reported herein supported the notion that genetically increased T2D risk was associated with higher all-cause mortality among NHW and NHB residing in the U.S.
As T2D-related genetic variants may have effects on other metabolic traits (BMI, WC, TC level, and blood pressure) independent of T2D, it is possible that these pleiotropic effects may partly account for the association between T2D-related genetic variants and mortality risk. In our study, it is noteworthy that a higher T2D-related GRS was associated with lower BMI and smaller WC. Certain T2D risk-raising alleles contributing to the GRS have known associations with lower BMI and WC. For instance, the T allele at rs7903146 (TCF7L2 locus) is associated with increased T2D risk in the DIAGRAM consortium (26) , but lower BMI (P = 1.1 3 10 212 ) and smaller WC (P = 1.7 3 10 29 )
in a large meta-analysis GWAS by the Genetic Investigation of Anthropometric Traits (GIANT) consortium (39, 40) . Nevertheless, adjusting for BMI, WC, TC level, and hypertension status did not attenuate the association of T2D GRS with mortality risk, suggesting that it is unlikely that these metabolic traits lie on the causal pathway from T2D-related genetic variants to mortality. Cause-specific death was ascertained for CVD (ICD-9 codes 390-434 and 436-459; ICD-10 codes I00-I99), cancer (ICD-9 codes 140-208; ICD-10 codes C00-C97), and external (ICD-9 codes E800-E999.9, ICD-10 codes V, W, X, and Y). A Mendelian randomization study showed that BMI-related genetic variants did not increase the CVD or stroke risk despite being associated with multiple cardiometabolic traits, including T2D (41) . A previous study (42) of 2,607 NHANES III participants with T2D showed that BMI and measures of adiposity did not predict mortality over 6.5 years. While it remains unclear whether BMI increases mortality risk, the results herein indicated that T2D-related GRS may be more strongly associated with mortality risk among obese participants compared with normal-weight participants, suggesting that today's obesogenic environment may be particularly detrimental for individuals with a higher genetic predisposition for T2D.
A longitudinal cohort study of 637 T2D participants $66 years of age by Murphy et al. (43) reported that normalweight participants compared with overweight participants had higher mortality. This paradoxical relationship was reported to be partly mediated by muscle size (43) . Conversely, our stratified analysis revealed that, among those participants with high T2D genetic risk, obesity may be associated with an increased risk of mortality. Adjusting for modifiable behavioral and clinical risk factors attenuated the association, suggesting that these factors may be mediators of the obesity-mortality relationship. These findings did not support a genetic etiology for the obesity paradox, where one would expect that, among those participants with a high T2D genetic risk, lighter individuals would have higher mortality risk than their heavier counterparts. Others have argued (44, 45) that the obesity paradox was observed only in the setting of uncontrolled confounding factors (e.g., comorbidities, smoking, and intentional weight loss around the time of T2D diagnosis), selection bias (e.g., better detection of outcomes among sicker individuals), or noncoinciding start of follow-up and exposure.
BMI-stratified analyses showed a paradoxical negative trend between T2D-related GRS and mortality risk among normal-weight MA. Notably, MA were, on average, 9 years younger than NHW, and only 1 in 10 died during follow-up. A longer follow-up period to accrue deaths might render ethnic groups more comparable. Restricting the analysis to MA, $45 years of age, still showed a negative trend between T2D-related GRS and mortality (Supplementary Table 12 ). The Hispanic epidemiologic paradox is an observation that Hispanic Americans compared with NHW have similar or lower mortality rates despite having a lower socioeconomic status (46, 47) and a higher prevalence of cardiometabolic risk factors (48) . It has been proposed that population-specific genetic factors and gene-environmental interactions may partly account for this phenomenon (49, 50) , although sociobehavioral factors (e.g., salmon bias [some sick immigrants may return to their country of origin before death]) (51) and healthy-immigrant bias (immigrants may be generally healthy or have more healthful behaviors) (51) are relevant considerations. In this study, adjusting for educational attainment and insurance coverage did not impact effect estimates. The trend toward a mortality advantage among normal-weight MA carrying more T2D-related risk alleles warrants replication in larger population-based cohorts consisting of persons of Mexican ancestry with thorough longitudinal follow-up for clinical end points.
We acknowledge several limitations. We were not able to distinguish type 1 diabetes and T2D, though the overwhelming majority of persons in the general population likely have T2D. Our study was underpowered to demonstrate an association between GRS and specific causes of death. Nevertheless, CVD was the most common cause and likely one of several pathways through which genetically determined T2D influenced mortality risk. Our results cannot be generalized to nonfatal events or other T2D-related complications because participants were not followed for these outcomes. Because we did not observe participants for future hyperglycemia or incident T2D, we were unable to determine whether associations were mediated through hyperglycemia that developed during the follow-up period. As ethnicity was ascertained by self-report and not by ancestry markers, we were unable to account for genetic admixture. Although we were able to adjust for multiple risk factors ascertained at baseline, we recognize that we were unable to account for time-dependent covariates or the moderating effects of glucoselowering medications.
Our exploratory stratified analyses had small sample sizes, and thus the results ought to be interpreted with caution; for instance, the paradoxical negative trend between GRS and mortality risk in MA may be a chance finding. Wide CIs may be partly attributed to the impact of the complex survey design on variance estimates. The GRS was associated with T2D at baseline in NHW and MA, but not in NHB; inconsistencies across ethnicities may be due to T2D-related genetic variants that were discovered mainly through GWAS in European populations, which may have markedly different allele frequencies in non-European ancestries. This underscores the need to extend discovery GWAS and genetic association studies to diverse populations. Uncovering ethnicspecific genetic variants may enable us to better characterize the role of T2D genetic risk in ethnic disparities in T2D-related outcomes (52) .
This study has important strengths. This longitudinal examination of a large multiethnic representative sample of the U.S. population has provided insights into the genetic underpinnings of mortality, and demonstrated important interactions between T2D genetic risk and BMI for mortality risk. We applied sampling weights and accounted for the complex survey design to obtain estimates that enabled population-level inferences. We adjusted our analyses for wellcharacterized sociodemographic, clinical, and behavioral modifiable factors associated with metabolic health. To better understand the implications of the T2D and obesity coepidemic in ethnically diverse populations, we took advantage of the available multiethnic samples to perform stratified analyses by ethnicity and BMI. Uncovering heterogeneous genetic effects and higherrisk subgroups may partly explain ethnic disparities in T2D-related outcomes, which is pertinent for precision medicine. Lifestyle intervention studies targeting weight loss could consider the influence of genetic variation on clinical response and clinical outcomes. Future genetic-environment interaction studies may clarify the mechanisms underlying the heterogeneous effects of T2D-related genetic variants on mortality by ethnicity and BMI, and inform lifestyle intervention strategies directed at those with stronger genetic susceptibility to T2D-related mortality.
In sum, in the U.S., carriers of more T2D risk-raising alleles have a higher mortality risk than noncarriers, suggesting that having a higher genetic burden for the development of T2D may increase the mortality risk. The underlying genetic basis of mortality likely involves complex interactions with nongenetic factors related to ethnicity, T2D, or body weight. In the midst of a T2D and obesity coepidemic from an increasingly obesogenic environment, maintaining a normal body weight may be especially important for lowering mortality risk in individuals with a high genetic predisposition to T2D.
